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ABSTRACT

e bone marrow of patients with low-risk myelodysplastic syn-
dromes (MDSY) is often an inflammatory environment and associated
with an active cellular immune response. An active immune response

generally contributes to antitumor responses and may prevent disease pro-
gression. However, chronic immune stimulation can also induce cell stress,
DNA damage and contribute to the pathogenesis of MDS. The protective
mechanisms against excessive immune activation are therefore an impor-
tant aspect of the pathophysiology of MDS and characterizing them may
help us to better understand the fine balance between protective and desta-
bilizing inflammation in lower-risk disease. In this study we investigated
the role of thrombomodulin (CD141/BDCA-3) expression, a molecule with
anti-inflammatory properties, on monocytes in the bone marrow and
peripheral blood of MDS patients in different risk groups. Patient-derived
classical monocytes showed high expression levels of thrombomodulin,
whereas monocytes from healthy donors hardly expressed any thrombo-
modulin. The presence of thrombomodulin on monocytes from MDS
patients correlated with lower-risk disease groups and better overall and
leukemia-free survival. Using multidimensional mass cytometry, in an -
vitro setting, we showed that thrombomodulin-positive monocytes could
polarize naive T cells toward cell clusters which are closer to T helper type
2 and T regulatory cell phenotypes and less likely to contribute to effective
immune surveillance. In conclusion, the expression of thrombomodulin on
classical monocytes is a favorable and early prognostic marker in patients
with low-risk MDS and may represent a new mechanism in the protection
against disproportionate immune activation.

Introduction

The immune system plays an important role in the pathogenesis and disease
course of myelodysplastic syndromes (MDS). The immune status can be markedly
different between MDS prognostic risk groups. Low-risk disease is often character-
ized by an increased number and activation state of pro-inflammatory immune
cells [i.e. T helper (Th)17, natural killer (NK) and CD8* cytotoxic T cells"] whereas
in high-risk disease an immunosuppressive response is the dominant feature [i.e.
expansion of T regulatory cells (Treg) ™ and myeloid-derived suppressor cells"]
which could facilitate immune escape and eventually progression to acute myeloid
leukemia. Although an “activated” immune system and associated tumor-specific
immune responses are crucial for effective immune surveillance and elimination of
the malignant clone, in the longer term chronic immune stimulation may enhance
the risk of genomic instability and development of MDS/acute myeloid leukemia."
Smoldering inflammation as a result of aberrant activation of inflammatory path-
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ways, e.g. Toll-like receptor (TLR) signaling, can induce
malignant transformation and disease progression by
causing genotoxic cell stress. Indeed, in low-risk MDS ele-
vated levels of several stress-inducing molecules, such as
the damage-associated molecular pattern molecules
S100A8/A9, are actively secreted from mesenchymal
niche cells in the bone marrow (BM) microenvironment,
thereby causing niche-induced DNA damage in
hematopoietic stem and progenitor cells.” High S100A9
levels in MDS BM also result in inflammasome assembly
and subsequent initiation of pyroptosis, an immunogenic
form of cell death, which could potentially explain the
high rate of cell death in low-risk MDS BM."*** These sol-
uble inflammatory molecules are able to bind to TLR on
the surface of hematopoietic stem and progenitor cells and
immune cells. Constitutively activated TLR-signaling and
downstream mitogen-activated protein kinase (MAPK)
and nuclear factor kappa B (NF-kB) activation are evident
and have been implicated in the pathogenesis of MDS."*
Besides active secretion of stress-inducing molecules, pas-
sive release from cells undergoing immunogenic cell death
has also been described in MDS. Levels of high mobility
group box 1 (HMGB1), a mediator strongly involved in
inflammatory processes and a ligand for TLR4, were
found to be increased in the BM of MDS patients due to
impaired clearance of apoptotic cells causing secondary
necrosis and leakage of this molecule into the BM environ-
ment.”

As a result of this vicious circle of inflammation and cell
death, immune-inhibitory mechanisms that interfere with
this excessive inflammatory process kick in. While these
immune-inhibitory pathways may control the inflamma-
tory response to some extent, they also facilitate the
expansion of immunosuppressive cells, such as Treg and
myeloid-derived suppressor cells, which further suppress
the already weakened immune surveillance against the
malignant clone. A delicate balance between immune acti-
vation and inhibition is, therefore, required to maintain
effective immunosurveillance. Thrombomodulin (TM) is
known for its anticoagulant function by serving as a co-
factor for thrombin. Notably, the lectin-like domain of the
TM molecule has marked anti-inflammatory activities and
interferes with the complement pathway.** Several stud-
ies have shown strong correlations between disease sever-
ity and TM levels in, for instance, autoimmune and infec-
tious diseases as well as in cancer.”*" In the immune sys-
tem, TM, also known as CD141 or BDCA-3, is mainly
expressed on dendritic cells.”* We have previously
described elevated expression of TM/BDCA-3 on tumor-
conditioned and immunosuppressive monocyte-derived
dendritic cells that acquire a M2-like macrophage pheno-
type.®* The anti-inflammatory potential of TM has also
been assigned to the fact that TM is able to bind HMGBI,
thereby inhibiting the strong pro-inflammatory effect of
this molecule. Since high levels of this molecule were
found in low-risk MDS BM, this interactive mechanism
may be relevant in keeping excessive immune activation
to a minimum. The aim of this study was to evaluate the
possible role and prognostic value of TM in regulating the
inflammatory immune response in MDS. The expression
of TM was evaluated on different monocyte subsets (clas-
sical, intermediate and non-classical) in the peripheral
blood (PB) and BM within different MDS risk groups.
Multidimensional mass cytometry was used to investigate
the putative impact of TM+ monocytes on the T-cell phe-
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notype. The cell surface expression of TM was higher on
classical monocytes in both the PB and BM of MDS
patients than on healthy donor-derived monocytes. The
expression of TM was related to a more favorable progno-
sis and functional skewing of the T-cell response toward a
more tolerized state.

Methods

Patient and control samples

Twenty-nine PB and 154 BM samples from newly diagnosed
MDS patients were collected in this study. Patients were assigned
to different risk categories using the Revised International
Prognostic Scoring System (IPSS-R) and the 2016 World Health
Organization (WHO) classification (details are given in the Online
Supplementary Methods file and Table 1). A set of 25 age-matched
control BM samples was obtained after written informed consent
from hematologically healthy patients who were undergoing car-
diac surgery at Amsterdam University Medical Center (the
Netherlands). For the PB analysis, 31 control samples were collect-
ed. The study was approved by the local ethical committee and
was conducted in accordance with the declaration of Helsinki.

Flow cytometry and fluorescence in situ hybridization

PB and BM cells were analyzed on a flow cytometer
(FACSCanto™, BD Biosciences, San Jose, CA, USA) after incuba-
tion with a panel of monoclonal antibodies (see Online
Supplementary Methods for details). Data were analyzed using
FlowJo software (Tree Star, Ashland, OR, USA). Monocyte subsets
were identified based on the differential expression of CD14,
CD16 and M-DC8 [anti-6-Sulfo LacNAc (Slan)], using recent rec-
ommendations (Online Supplementary Figure S1).7% Classical
monocytes were characterized by high CD14 expression, and
CD16 and M-DC8 negativity. Intermediate and non-classical
monocytes were both defined as CD16'. However, only interme-
diate monocytes expressed CD14. We used M-DC8 as a marker to
discriminate between intermediate and non-classical monocytes
as suggested by Hofer et al. (Figure 1A).%

Three samples containing monocytes with high TM expression
and a known cytogenetic aberrancy were used for the isolation of
classical monocytes and subsequent interphase fluorescence in situ
hybridization (FISH) analysis (details are given in the Ounline
Supplementary Methods).

T-cell cultures and multidimensional mass cytometry

A multiparameter deep-phenotyping strategy, known as cytom-
etry by time-of-flight (CyTOF), was used for T cells cultured in the
presence of MDS-derived TM or TM" monocytes (culture details
are provided in the Online Supplementary Methods). Data were ana-
lyzed using a combination of automated dimension reduction and
clustering methods including t-distributed stochastic neighbor
embedding (t-SNE)* to visually (viSNE) identify cell populations.”
This was followed by spanning-tree progression analysis of densi-
ty-normalized events (SPADE)* for the clustering of T cells as pub-
lished before.”* The deep immunophenotyping of T-cell clusters
was performed using our in-house pipeline (publicly available
here: htips.//github.com/kordastilab/cytoClustR) followed by marker
enrichment modeling (MEM) to calculate MEM scores of the iden-
tified subpopulations.*

Statistical analysis

Significant differences for two-group comparisons were ana-
lyzed by applying a non-parametric Mann-Whitney U test,
whereas for multi-group comparisons a Kruskal-Wallis test with
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the Dunn multiple comparisons test was used. A Spearman corre-
lation was computed for PB and BM comparisons. P values <0.05
were considered statistically significant. Graphpad Prism 6 soft-
ware (San Diego, CA USA) was used for graphic display and sta-
tistical calculations. A multivariate Cox regression analysis for
overall and leukemia-free survival was performed using IBM SPSS
Statistics software version 22 (New York, NY, USA).

Results

Classical monocytes in patients with myelodysplastic
syndromes express thrombomodulin

Monocyte subsets were identified by flow cytometric
analysis based on the expression of CD14, CD16 and M-
DC8 according to recently published recommendations.*
Classical, intermediate and non-classical monocytes were
characterized by using the above mentioned markers
(Figure 1A). Subsequently, the expression of TM and HLA-
DR, a major histocompatibility complex (MHC) molecule
class II, was assessed on all monocyte subsets derived
from normal bone marrow (NBM) and MDS BM samples.
Monocyte subsets from MDS patients showed high levels
of TM expression on their cell surface, whereas NBM-
derived monocytes showed very low levels of TM. HLA-
DR expression, too, was higher on all monocyte subsets in
MDS BM than it was in NBM (Figure 1A). The levels of
expression on different monocyte subsets were quantified
in a larger cohort of patients (NMB samples, n=10 and
MDS BM samples, n=24). Total percentages of monocyte
subsets in MDS BM compared to NBM were not signifi-
cantly different. However, the percentage of monocytes
that expressed TM was significantly higher for MDS-
derived classical monocytes compared to the same mono-
cyte subset in NBM (37.3% vs. 9.9%; P<0.0001) (Figure
1B). The percentages of TM expression on intermediate
and non-classical monocytes were equally distributed
between MDS BM and NBM (Figure 1B). The median flu-
orescent intensity of TM and HLA-DR was evaluated on
the three distinct monocyte subsets using the same set of
samples. Classical monocytes from MDS BM showed
higher levels of TM expression compared to classical
monocytes fron NMB (3.7-fold higher; P<0.0001). HLA-
DR expression levels were higher for all MDS-derived
monocyte subsets (classical monocytes: 2.0-fold,
P=0.0015; intermediate monocytes: 1.8-fold, P=0.0154;
non-classical monocytes: 1.5-fold, P<0.0001) (Figure 1B).
TM expression remained unchanged upon overnight stim-
ulation with TLR ligands in a preliminary set of samples
(Online Supplementary Figure S2).

Classical monocytes were then analyzed in a larger set
of samples, since this subset forms the most prevalent
subset in NBM as well as in MDS BM, and revealed the
most prominent difference in TM expression. The PB
compartment was also included in the analysis. The
cohort was extended with 130 MDS BM-derived samples
and 15 NBM samples. The PB and BM samples in the
extended control and patient cohorts (normal PB, n=31;
MDS PB, n=29; NBM, n=25 and MDS BM, n=154) were
screened for the presence of TM on classical monocytes
(Figure 1C). MDS-derived classical monocytes in both the
PB and BM compartment showed higher expression of
TM compared to the expression on classical monocytes
from normal PB and NBM samples (PB: 33.6% vs. 17.8%,
P=0.015; BM: 37.0% vs. 8.6%, P<0.0001). Furthermore, a

TM* monocytes in myelodysplastic syndromes

strong positive correlation was found for the percentage of
classical monocytes expressing TM in the two compart-
ments in 25 paired MDS samples (r=0.83, P<0.0001)
(Figure 1C). The same flow cytometric panel was used to
study TM expression on other cell types present in the PB
and BM,. We were able to identify granulocytes,
eosinophils and B cells. TM was exclusively expressed on
MDS-derived monocytes (Online Supplementary Figure S3)
and none of the other cell types in PB and BM showed
positivity for TM, including the non-B cell lymphocytic
compartment consisting of T and NK cells (data not shown).

Table 1. Characteristics of the patients and controls.

haracteristics Value [min-max]
Total number
HD 56
MDS 183
Peripheral blood samples
Number 60
HD 31
MDS 29
Age — mean, years
HD -
MDS 09 [45-85]
Sex
HD — male/female -
MDS — male/female 20/9
Bone marrow samples
Number 179
HD 25
MDS 154
Age — mean,y
HD 62 [20-86]
MDS 69 [36-94]
Sex
HD — male/female 1877
MDS — male/female 110/44
IPSS-R
Very low risk
Low 20
Low risk 34
Intermediate risk 22
High risk 8
Very high risk 8
WHO classification
MDS-SLD 5
MDS-MLD 48
MDS-RS-SLD 8
MDS-RS-MLD 27
MDS-EB1 22
MDS-EB2 20
Del5q 12
% Blasts
<5% 97
=5% 44
Ring sideroblasts
No 106
Yes 40

HD: healthy donor; MDS: myelodysplastic syndrome; IPSS-R: Revised International
Prognostic Scoring System; WHO, World Health Organization; SLD, single lineage dys-
plasia; MLD, multilineage dysplasia; RS, ring sideroblasts; EB, excess blasts; Del5q: dele-
tion 5q.
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Figure 1. Thrombomodulin-expressing monocyte subsets in normal and myelodysplastic syndrome bone marrow and peripheral blood samples. (A) Identification
of different monocyte subsets in normal bone marrow (NBM) and myelodysplastic syndrome (MDS) bone marrow (BM). Three markers, CD14, CD16 and M-DC8, were
used to identify classical (CD14**CD16'M-DC8;, in orange), intermediate (CD14'CD16*M-DC8;, in purple) and non-classical monocytes (CD14*-CD16*M-DC8", in green).
The levels of expression of thrombomodulin (TM) and HLA-DR were assessed on all separate monocyte subsets. The median fluorescence intensity (MFI) value for
each subset is shown for a representative sample. (B) Frequencies of monocyte subsets in the BM of ten healthy individuals and 24 MDS patients. Percentages were
calculated from the total CD45* mononuclear cell fraction. Mean frequencies + standard error of mean (SEM) are given (NBM vs. MDS BM: classical monocytes
11.47% + 1.86 vs. 11.11% + 2.20, intermediate monocytes 0.45% + 0.12 vs. 0.85% + 0.17, non-classical monocytes 0.46% + 0.11 vs. 0.38% + 0.05). Furthermore,
the percentage of monocytes that express TM is displayed (NBM vs. MDS BM: classical monocytes 9.94% + 2.82 vs. 37.27% + 4.00, intermediate monocytes 42.60%
+ 7.27 vs. 54.90% + 3.48, non-classical monocytes 45.11% + 3.72 vs. 49.46% + 3.34). Expression levels of TM and HLA-DR on NBM and MDS BM monocyte subsets
are also shown. Mean MFI values + SEM are shown for ten NBM and 24 MDS BM samples (TM in NBM vs. MDS BM: classical monocytes 382 + 65 vs. 1425 + 367,
intermediate monocytes 1414 + 245 vs. 2208 + 259, non-classical monocytes 1279 + 169 vs. 1676 + 144. HLA-DR in NBM vs. MDS BM: classical monocytes 5426
+ 715 vs. 11010 + 1056, intermediate monocytes 20062 + 2529 vs. 35639 + 3989, non-classical monocytes 10117 + 856 vs. 15255 + 1915). (C) Percentages of
TM-expressing classical monocytes in peripheral blood (PB) and BM. Bars indicate mean frequencies [normal PB (NPB, n=31) vs. MDS PB (n=29): 17.8% vs. 33.6%.
normal BM (NBM, n=25) vs. MDS BM (n=154): 8.6% vs. 37.0%]. TM expression was correlated in PB- and BM-derived classical monocytes. In total, 25 paired MDS
samples were included. *P<0.05, **P<0.01, ****P<0.0001.
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Thrombomodulin-expressing monocytes are clonally
involved and are associated with the features of low-
risk myelodysplastic syndromes

In order to investigate the clonal involvement of TM*
monocytes in MDS; cells from three different patients were
sorted and screened for the presence of a known cytogenet-
ic aberration according to their karyotype. Almost all
monocytes of these patients showed high expression of
™.

One patient had a deletion of chromosome 5q (del5q) in
all cells (karyotype: 46,XY,del(5)(q22q33)[10]), one showed
trisomy for chromosome 8 in 65% of the cells (karyotype:
47 XY,+8[13]/46,XY[7]) and one case had a monosomy 7
(karyotype: 45, XY,-7[10]). In all cases, TM* monocytes were
highly involved in the dysplastic clone and showed a high
percentage of cells with the respective cytogenetic abnor-
mality, suggesting that they did not come from healthy
CD34 cells. The isolated CD34" progenitor cells showed a
similar pattern, since the known cytogenetic aberration was
present in most analyzed cells. As expected, B cells were
not involved. Partial involvement was found in whole BM
samples (Figure 2A).

To further correlate TM expression with different MDS
subgroups, the patients’ clinical data were collected and
their IPSS-R scores, reflecting survival and the risk of dis-
ease progression, were calculated. Furthermore, patients
were categorized using the 2016 WHO classification sys-
tem which incorporates clinical characteristics, PB and BM
findings and cytogenetic analysis. The percentage of mono-
cytes displaying TM expression was higher for patients
who had a very low- or low-risk score in the IPSS-R than
for patients in higher-risk groups and healthy controls (very
low/low 40.1% vs. intermediate 22.7% vs. high/very high
28.3% vs. NBM 11.3%) (Figure 2B). Additionally, TM
expression was elevated in WHO categories related to
lower-risk disease, such as MDS single and multiple lineage
dysplasia with or without ring sideroblasts, compared to
categories related to higher-risk MDS, i.e. MDS with excess
blasts 1 and 2. The percentage of monocytes expressing TM
was higher in all WHO subgroups than in NBM
(single/multiple lineage dysplasia with/without ring sider-
oblasts, 40.9% vs. MDS with excess blasts 1 and 2, 24.2%
vs. NBM, 11.3%) (Figure 2B). Using the percentage of BM
blast cells as a reflection of disease stage, patients with blast
percentages below 5% harbored higher numbers of TM*
monocytes than patients with 5% or more blast cells
(41.3% wvs. 25.7%, respectively; P<0.0001) (Figure 2C).
Finally, a relation between the percentage of monocytes
expressing TM and the presence of ring sideroblasts (ery-
throblasts with mitochondrial iron accumulation) was
found (present 45.4% vs. absent 33.2%; P=0.003) (Figure
2C). As an “indirect” indication of the presence of a SF3B1
mutation, the percentage of TM" monocytes was compared
between subtypes with ring sideroblasts and other MDS
subtypes (Online Supplementary Figure S4). Significantly
higher percentages of TM" monocytes were found in cases
with ring sideroblasts than in those with MDS with excess
blasts 1 or 2. A trend to higher frequencies was observed for
the comparisons with other subtypes.

Myelodysplastic syndrome-derived thrombomodulin-
positive monocytes polarize CD4* T cells
to an immunosuppressive phenotype

The next research focus was to study the effect of TM*
monocytes on the phenotype of CD4" T cells and to

TM* monocytes in myelodysplastic syndromes

determine whether they could induce an anti-inflamma-
tory T-cell phenotype. Healthy donor-derived CD4* T
cells were co-cultured with sorted TM™ or TM* mono-
cytes from two MDS patients (Online Supplementary
Figure S5). After 5 days, T cells were harvested and
labeled with a comprehensive panel of metal-tagged
antibodies (Ounline Supplementary Table S1) for mass
cytometry (CyTOF). Using our data analysis pipeline, T-
cell subsets were identified (Online Supplementary Figure
S6) and compared between the conditions (i.e. day O,
control stimulated and cultures with TM" or TM* mono-
cytes) (Figure 3A). Compared to day 0, all conditions
showed expansion of specific T-cell subsets. To further
characterize these cell islands, T cells were clustered by
SPADE on tSNE (see Methods). Using selected T-cell
markers various subsets could be characterized (Figure
3B). Then frequencies of clusters between the conditions
were compared (Figure 3C). Nodes highlighted with red
circles refer to the most frequent T cell clusters in the
TM condition whereas black circles indicate a higher
percentage in the TM* condition. For both conditions the
top five of highest frequencies were selected. The
expression profiles of T cells in the identified clusters
were evaluated next, using MEM (see Methods). T-cell
clusters were divided into two groups for comparison:
clusters with highest frequency in the TM* condition
(called “up”) and clusters with highest frequency in the
TM- condition (called “down”). MEM scores were calcu-
lated for each marker in each group for further compari-
son.” Interestingly, T cells that were predominantly pres-
ent upon culturing with TM* monocytes (group called
“up”) showed an anti-inflammatory profile (Figure 3C).
They were polarized toward Th2, Treg and PD-1-
expressing clusters of T cells, since they expressed high
levels of FoxP3, GATA3 and CD279 (PD-1) and had ele-
vated concentrations of intracellularly measured inter-
leukin-4 and interleukin-10. In contrast, T cells cultured
in the presence of TM" monocytes (group called “down”)
were mainly positive for interferon-y and hardly for
immunosuppressive cytokines.

The presence of thrombomodulin-positive monocytes is
related to a better overall and leukemia-free survival
In order to determine the clinical significance of the
presence of TM' monocytes, overall survival and
leukemia-free survival were calculated. As a cut-off for
TM expression monocytes from the healthy donor cohort
were used. The mean TM percentage plus two standard
deviations was calculated resulting in a cut-off of 25.53%.
In total, overall survival data for 122 MDS patients and
leukemia-free survival data for 102 patients were avail-
able. Interestingly, the presence of TM on MDS mono-
cytes was significantly associated with a better overall sur-
vival (P=0.006) as well as a better leukemia-free survival
(P=0.029) (Figure 4A). The median overall survival for
patients with TM* monocytes was 58 months, whereas
that of patients without TM" monocytes was 30 months.
For a subgroup of patients, data were available for further
risk stratification into IPSS and IPSS-R risk groups.
Following the hypothesis that TM is mainly present in an
inflammatory environment, survival and leukemia-free
survival data were also analyzed in low-risk MDS groups
(i.e. IPSS low and intermediate groups or IPSS-R very low,
low and intermediate groups). The presence of TM*
monocytes resulted in better overall survival in this sub-
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Figure 2. Classical monocytes are clonally involved and the presence of thrombomodulin correlates with disease states. (A) Sorted cells, including B cells and CD34*
blast cells, from patients with a known cytogenetic aberrancy were subjected to fluorescence in situ hybridization (FISH) analysis. Furthermore, whole bone marrow (BM)
samples were used for degree of cytogenetic load. Representative interphase cells hybridized with the chromosome 5q probe, showing loss of 5q in CD34" blasts and
monocytes, and no loss of 5q in B cells. In three tested cases (monosomy 7, deletion 5q and trisomy 8), classical monocytes and CD34" blast cells were highly involved
in the dysplastic clone, whereas B cells were not involved. Interphase FISH on whole BM samples showed both an aberrant and a normal cell line. (B) Thrombomodulin-
positive (TM") classical monocytes in different myelodysplastic syndrome (MDS) risk groups defined according to the Revised International Prognostic Scoring System
and the World Health Organization (WHO) 2016 classification. The percentage of classical monocytes that express TM was highest in the very low/low-risk groups: the
percentage of TM expression was significantly reduced in higher-risk groups compared to the lower-risk group [mean + standard error of mean (SEM): normal BM (n=25)
11.3% + 3.0% vs. very low/low-risk MDS BM (n=54) 40.1% + 2.9% vs. intermediate-risk MDS BM (n=22) 22.7% + 3.7% vs. high/very high-risk MDS BM (n=16) 28.3%
+ 4.9%). Patients with low-risk MDS according to the WHO 2016 classification (single/multiple lineage dysplasia with or without ring sideroblasts, n=87) had higher per-
centages of TM expression on monocytes (40.9% + 2.3%) compared to patients in higher-risk groups (excess blasts-1 and -2, n=42) (24.2% + 2.7%) and normal BM
(n=25) (11.3% + 3.0%). (C) Percentages of classical monocytes that are positive for TM in patients with low and higher blast counts. The percentage of monocytes
expressing TM was significantly higher in the group of patients with blast counts below 5% (n=97) than in the group of patients with blast counts >5% (n=44) (blast count
<5%, 41.3% + 2.2% vs. blast count 5%, 25.7% + 2.8%). Patients with ring sideroblasts (RS) (n=40) had higher percentages of TM* monocytes than patients who did
not have RS (n=106) (RS yes, 45.4% + 3.7% vs. RS no, 33.2% + 2.0%). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. IPSS-R: Revised International Prognostic
Scoring System; NBM: normal bone marrow; SLD: single lineage dysplasia; MLD: multilineage dysplasia;.RS: ring sideroblasts; EB, excess blasts.
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Figure 3. Deep phenotyping of T cells
after co-culture with thrombomodulin-
negative or -positive monocytes from
patients with myelodysplastic syn-
dromes. Healthy donor-derived CD4* T
cells were co-cultured with thrombo-
modulin (TM)-negative or -positive
monocytes from two patients with
myelodysplastic syndromes (MDS), or
in the stimulated control condition with
plate-bound anti-CD3 antibody only.
After culture for 5 days, T cells were
stained with an extensive panel of sur-
face and intracellular markers as well
as stains for transcription factors and
cytokines and analyzed using time of
flight mass cytometry. (A) Viable T cells
were identified and visualized using
stochastic ~ neighbor  embedding
(VISNE). Different T-cell subsets were
identified based on interferon (IFN)-y,
GATA3, interleukin (IL)-17, IL-4, FoxP3
and CD127 (Th1 were considered to be
IFN-y*, IL-:17 and GATA3; Th2 were
GATA3'IL-4*; Th17 were IL-17"; Treg were
CD127 and FoxP3'CD25" and IFN-y)
(Online Supplementary Figure S6).
Overlays were created from condition-
specific biaxial viSNE contour plots and
each individual T-cell subset. T-cell pop-
ulations at the start of the experiment
(D=0) and after 5 days of culture with
anti-CD3 only, TM" monocytes or TM*
monocytes are shown for a representa-
tive sample. (B) Cells were then further
clustered with spanning-tree progres-
sion analysis of density-normalized
events (SPADE) into 50 nodes using the
clustering channels tSNE1 and tSNE2.
Different clusters of nodes represent-
ing various T-cell subsets could be iden-
tified in the stimulated control condi-
tion by using selected markers. The
color intensity in each node reflects the
expression level of the indicated mark-
er and the size of the node reveals the
number of cells involved. (C)
Frequencies of all clusters were com-
pared between the TM and TM* condi-
tions. T-cell clusters that were most
prevalent in the TM condition are high-
lighted in red. Black circles represent
clusters that show higher percentages
in the TM* condition. The top five of
highest frequencies for both conditions
are shown. Using marker enrichment
modeling (MEM), profiles of T-cell clus-
ters with highest frequencies in TM- or
TM" cells were characterized. Two sub-
groups of clusters were generated: (i)
five nodes with highest frequency in the
TM* condition (called “up”) and (i) five
nodes with highest frequency in T™M
condition (called “down”). Expression
levels of given markers are shown for
the TM* as well as the TM conditions,
showing that global expression in the
identified set of clusters for the differ-
ent markers is nearly similar in both
conditions. MEM scores were calculat-
ed for the markers and results are pre-
sented in a heat map. The group of
nodes that are present in a higher per-
centage in cultures with TM* monocytes
compared to cultures with TM- mono-
cytes reflect an anti-inflammatory pro-
file. T cells in this group (all within “non-
Treg nodes”) express higher levels of
FoxP3, GATA3, CD279 (PD-1), IL-4 and
IL-10, a phenotype which suggests they
are polarizing toward a Treg phenotype.
tSNE, t-distributed stochastic neighbor
embedding.
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group of patients as well (Figure 4B). A difference in
leukemia-free survival did not reach statistical signifi-
cance, probably because of the small numbers of patients
(Figure 4C). To test whether TM as a single marker has an
independent prognostic value in overall and leukemia-free
survival a multivariate Cox regression analysis with back-
ward stepwise elimination was performed. Covariates
that were included in this analysis were hemoglobin level,
absolute neutrophil count, platelet count, bone marrow
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blast percentage, cytogenetic risk group and percentage of
TM expression on monocytes. Information on all vari-
ables was available for 60 patients (not shown).
Covariates with a P value >0.10 were removed. Both the
cytogenetic risk group as well as the percentage of TM
expression were predictive markers for overall survival
(P=0.001 and P=0.064, respectively). For leukemia-free
survival, the percentage of blasts and TM expression had
predictive value (P=0.010 and P=0.077, respectively).
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Figure 4. Overall and leukemia-free survival is related to the presence of thrombomodulin-positive monocytes. As a cut-off percentage for the presence of throm-
bomodulin (TM) on myelodysplastic syndrome (MDS) monocytes, the expression rate in the healthy donor cohort was used. The mean percentage + two standard
deviations was calculated, resulting in a cut-off of 25.53%. Statistical differences were calculated using the log-rank test. (A) Overall survival data for 122 MDS
patients and leukemia-free survival (LFS) data for 102 patients. A significant difference in overall survival was found between MDS patients with or without TM on
BM monocytes (P=0.006). The median overall survival for patients with TM* monocytes was 58 months while that for patients without TM was 30 months. The time
to development of leukemia was significantly longer for patients with TM expression than for patients without TM expression (P=0.029). (B) Patients were further
selected based on their low-risk status. Survival curves are shown for low-risk patients (according to the International Prognostic Scoring System and its revision)
with or without TM* monocytes. (C) LFS of low-risk patients in the TM* and TM" groups. IPSS: International Prognostic Scoring System; IPSS-R: Revised International

Prognostic Scoring System.




Discussion

The BM microenvironment in MDS, and particularly in
low-risk groups, is often characterized by the presence of
pro-inflammatory cells and molecules. While increased
inflammation and the subsequent cellular immune
response are crucial to eliminate malignant cells, continu-
ous immune stimulation could lead to genomic instability
and inevitable malignant transformation.” Identifying the
factors that could maintain a healthy overall immune
response in MDS is important and clinically relevant. In
mice, it has been shown that lack of the lectin-like domain
of TM leads to reduced survival after exposure to endo-
toxins, whereas a recombinant form diminished NF-xB
and MAPK activation.” In the current study, we therefore
investigated the presence of TM on immune cells in MDS-
derived BM and PB samples and its immune-modulatory
role in MDS. TM was mainly expressed on monocyte sub-
sets and not on granulocytes, lymphocytes or eosinophils.
The difference in TM expression between monocytes
from healthy donors and those from patients with MDS
was most evident for classical monocytes. FISH analysis
showed clonal involvement for these TM' monocytes.
This subset showed hardly any TM expression on cells
derived from either healthy BM or healthy PB. In MDS
patients there was marked variation in monocytes
expressing TM. Some patients showed expression levels
similar to those on healthy donor-derived monocytes,
whereas for others nearly all monocytes expressed TM.
We found that the percentage of TM expression was clear-
ly higher in low-risk MDS groups than in higherrisk
groups, suggesting that the presence of TM may be prima-
rily observed in a pro-inflammatory environment (i.e.
low-risk MDS). Interestingly, Talati et al. previously
described a correlation between the presence of classical
monocytosis in MDS and favorable prognostic factors
such as increased white blood cell counts and absolute
neutrophil counts.” Furthermore, an increased percentage
of monocytes was associated with lower MDS risk groups
and good-risk cytogenetics. SF3B1 was present at a higher
frequency in this MDS group and overall survival of these
patients tended to be better. In this perspective, it would

TM* monocytes in myelodysplastic syndromes

be interesting to investigate the presence of TM in a same
set of samples in future research.

Besides active secretion and passive release of inflam-
matory molecules in the MDS BM environment, certain T-
cell subsets, particularly Th1l and Th17 type T cells, con-
tribute to an immune-active state by the secretion of high
amounts of interferon-y and interleukin-17. In order to
investigate the effect of monocytes on T-cell skewing,
healthy T cells were cultured in the presence of TM* or
TM MDS monocytes. Using mass cytometry, we were
able to utilize a comprehensive panel of surface and intra-
cellular markers for this purpose. Interestingly, T cells cul-
tured in the presence of TM" monocytes showed an anti-
inflammatory skewed profile. Compared to T cells cul-
tured with TM" monocytes, they showed less interferon-y
positivity and higher concentrations of interleukin-4 and
interleukin-10 measured intracellularly. While the number
of patients’ samples was limited and data need to be inter-
preted with caution, our findings suggest that TM* mono-
cytes polarize T cells toward Th2 and/or Treg phenotypes.

Collectively, our data point to an interesting function for
TM-expressing monocytes in the highly inflammatory
environment of low-risk MDS patients. They could play
an essential role in dampening disproportionate immune
activation by inducing anti-inflammatory T-cell subsets. In
keeping with this notion, overall and leukemia-free sur-
vival was better for patients in whom the BM contained
TM* monocytes than for patients lacking TM expression,
supporting a clinically relevant mechanism. Nevertheless,
in the longer term, this mechanism could lead to a pro-
found immunosuppressive state which would prevent
effective immune surveillance; a common condition in
higher-risk MDS.

Acknowledgments

We thank M.G.H.P. Raajjmakers for a critical review of our
manuscript. Furthermore, we acknowledge financial support from
the Department of Health via the National Institute for Health
Research (NIHR) Biomedical Research Centre awarded to Guy’s
& St Thomas’ NHS Foundation Trust in Partnership with King’s
College London and King’s College Hospital NHS Foundation
Trust.

References
1. Kordasti SY, Afzali B, Lim Z, et al. IL-17-pro-

ducing CD4(+) T cells, pro-inflammatory
cytokines and apoptosis are increased in low
risk myelodysplastic syndrome. Br ]
Haematol. 2009;145(1):64-72.

. Epling-Burnette PK, Bai F, Painter JS, et al.
Reduced natural killer (NK) function associ-
ated with high-risk myelodysplastic syn-
drome (MDS) and reduced expression of
activating ~ NK  receptors. ~ Blood.
2007;109(11):4816-4824.

. Hejazi M, Manser R, Frobel J, et al. Impaired
cytotoxicity associated with defective natu-
ral killer cell differentiation in myelodysplas-
tic syndromes. Haematologica. 2015;100(5):
643-652.

. Fozza C, Contini S, Galleu A, et al. Patients
with myelodysplastic syndromes display
several T-cell expansions, which are mostly

polyclonal in the CD4(+) subset and oligo-
clonal in the CD8(+) subset. Exp Hematol.
2009;37(8):947-955.

. Fozza C, Longu E Contini S, et al. Patients

with early-stage myelodysplastic syn-
dromes show increased frequency of
CD4+CD25+CD127(low) regulatory T
cells. Acta Haematol. 2012;128(3):178-182.

. Bouchliou I, Miltiades P, Nakou E, et al. Th17

and Foxp3(+) T regulatory cell dynamics and
distribution in myelodysplastic syndromes.
Clin Immunol. 2011;139(3):350-359.

. Kordasti SY, Ingram W, Hayden ], et al.

CD4+CD25high Foxp3+ regulatory T cells
in myelodysplastic syndrome (MDS). Blood.
2007;110(3):847-850.

. Kotsianidis I, Bouchliou I, Nakou E, et al.

Kinetics, function and bone marrow traffick-
ing of CD4+CD25+FOXP3+ regulatory T
cells in myelodysplastic syndromes (MDS).
Leukemia. 2009;23(3):510-518.

10.

11.

12.

. Mailloux AW, Epling-Burnette PK. Effector

memory regulatory T-cell expansion marks a
pivotal point of immune escape in myelodys-
plastic ~ syndromes. Oncoimmunology.
2013;2(2):22654.

Kahn JD, Chamuleau MED, Westers TM, et
al. Regulatory T cells and progenitor B cells
are independent prognostic predictors in
lower risk myelodysplastic syndromes.
Haematologica. 2015;100(6):e220-222.
Kittang AO, Kordasti S, Sand KE, et al.
Expansion of myeloid derived suppressor
cells correlates with number of T regulatory
cells and disease progression in myelodys-
plastic syndrome. Oncoimmunology. 2015;5
(2):¢1062208.

Kristinsson SY, Bjorkholm M, Hultcrantz M,
Derolf AR, Landgren O, Goldin LR. Chronic
immune stimulation might act as a trigger
for the development of acute myeloid
leukemia or myelodysplastic syndromes. ]

haematologica | 2020; 105(4) m-




- N. van Leeuwen-Kerkhoff et al.

- haematologica | 2020; 105(4) I

19.

20.

21

22.

23.

Clin Oncol. 2011;29(21):2897-2903.
Zambetti NA, Ping Z, Chen S, et al
Mesenchymal inflammation drives genotox-
ic stress in hematopoietic stem cells and pre-
dicts disease evolution in human pre-
leukemia. Cell Stem Cell. 2016;19(5):613-
627.

Basiorka AA, McGraw KL, Eksioglu EA, et
al. The NLRP3 inflammasome functions as a
driver of the myelodysplastic syndrome
phenotype. Blood. 2016;128(25):2960-2975.
Shetty V, Hussaini S, Alvi S, et al. Excessive
apoptosis, increased phagocytosis, nuclear
inclusion bodies and cylindrical confronting
cisternae in bone marrow biopsies of
myelodysplastic syndrome patients. Br ]
Haematol. 2002;116(4):817-825.

Zang DY, Goodwin RG, Loken MR, Bryant
E, Deeg HJ. Expression of tumor necrosis
factor-related apoptosis-inducing ligand,
Apo2L, and its receptors in myelodysplastic
syndrome: effects on in vitro hemopoiesis.
Blood. 2001;98(10):3058-3065.

Dimicoli S, Wei Y, Bueso-Ramos C, et al.
Overexpression of the toll-like receptor
(TLR) signaling adaptor MYD88, but lack of
genetic mutation, in myelodysplastic syn-
dromes. PLoS One. 2013;8(8):e71120.

. Gandn-Gémez I, Wei Y, Yang H, et al.

Overexpression of miR-125a in myelodys-
plastic syndrome CD34+ cells modulates
NF-xB activation and enhances erythroid
differentiation Arrest. PLoS One. 2014;9(4):
€93404.

Wei Y, Dimicoli S, Bueso-Ramos C, et al.
Toll-like receptor alterations in myelodys-
plastic syndrome. Leukemia. 2013;27(9):
1832-1840.

Maratheftis CI, Andreakos E, Moutsopoulos
HM, Voulgarelis M. Toll-like receptor-4 is
up-regulated in hematopoietic progenitor
cells and contributes to increased apoptosis
in myelodysplastic syndromes. Clin Cancer
Res. 2007;13(4):1154-1160.

Gandn-Gémez I, Wei Y, Starczynowski DT,
et al. Deregulation of innate immune and
inflammatory signaling in myelodysplastic
syndromes. Leukemia. 2015;29(7):1458-1469.
Kondo A, Yamashita T, Tamura H, et al.
Interferon-y and tumor necrosis factor-a
induce an immunoinhibitory molecule, B7-
H1, via nuclear factor-xB activation in blasts
in myelodysplastic syndromes. Blood.
2010;116(7):1124-1131.

Navas TA, Mohindru M, Estes M, et al.
Inhibition of overactivated p38 MAPK can
restore hematopoiesis in myelodysplastic
syndrome progenitors. Blood. 2006;108

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

(18):4170-4177.

Navas TA, Zhou L, Estes M, et al. Inhibition
of p38alpha MAPK disrupts the pathological
loop of proinflammatory factor production
in the myelodysplastic syndrome bone mar-
row microenvironment. Leuk Lymphoma.
2008;49(10):1963-1975.

Velegraki M, Papakonstanti E, Mavroudi ], et
al. Impaired clearance of apoptotic cells
leads to HMGB1 release in the bone marrow
of patients with myelodysplastic syndromes
and induces TLR4-mediated cytokine pro-
duction. Haematologica. 2013;98(8):1206-
1215.

Shi C-S, Shi G-Y, Hsiao H-M, et al. Lectin-
like domain of thrombomodulin binds to its
specific ligand Lewis Y antigen and neutral-
izes lipopolysaccharide-induced inflamma-
tory response. Blood. 2008;112(9):3661-
3670.

van de Wouwer M, Plaisance S, de Vriese A,
et al. The lectin-like domain of thrombo-
modulin interferes with complement activa-
tion and protects against arthritis. ] Thromb
Haemost. 2006;4(8):1813-1824.

Wang H, Vinnikov I, Shahzad K| et al. The
lectin-like domain of thrombomodulin ame-
liorates diabetic glomerulopathy via comple-
ment inhibition. Thromb Haemost.
2012;108(6):1141-1153.

Zhang Y, Weiler-Guettler H, Chen J, et al.
Thrombomodulin modulates growth of
tumor cells independent of its anticoagulant
activity. J Clin Invest. 1998;101(7):1301-
1309.

Horowitz N a, Blevins E a, Miller WM, et al.
Thrombomodulin is a determinant of
metastasis through a mechanism linked to
the thrombin binding domain but not the
lectin-like domain. Blood. 2011;118(10):
2889-2895.

Hanly M, Redmond M, Winter DC, et al.
Thrombomodulin expression in colorectal
carcinoma is protective and correlates with
survival. Br ] Cancer. 2006;94(9):1320-1325.

Dzionek A, Fuchs A, Schmidt P, et al
BDCA-2, BDCA-3, and BDCA-4: three
markers for distinct subsets of dendritic cells
in human peripheral blood. ] Immunol.
2000;165(11):6037-6046.

MacDonald KPA, Munster DJ, Clark GJ,
Dzionek A, Schmitz J, Hart DNIJ.
Characterization of human blood dendritic
cell subsets. Blood. 2002;100(13):4512-4520.
Jongbloed SL, Kassianos AJ, McDonald K],
et al. Human CD141+ (BDCA-3)+ dendritic
cells (DCs) represent a unique myeloid DC
subset that cross-presents necrotic cell anti-

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

gens. ] Exp Med. 2010,207(6):1247-1260.
van de Ven R, Lindenberg JJ, Oosterhoff D,
de Gruijl TD. Dendritic cell plasticity in
tumor-conditioned skin: CD14+ cells at the
cross-roads of immune activation and sup-
pression. Front Immunol. 2013;(4):403.
Lindenberg JJ, van de Ven R, Lougheed SM,
et al. Functional characterization of a
STAT3-dependent dendritic cell-derived
CD14+ cell population arising upon IL-10-
driven maturation. Oncoimmunology. 2013;
2(4):e23837.

Ziegler-Heitbrock L, Ancuta P, Crowe S, et
al. Nomenclature of monocytes and dendrit-
ic cells in blood. Blood. 2010;116(16):e74-80.
Hofer TP, Zawada AM, Frankenberger M, et
al. slan-defined subsets of CD16-positive
monocytes: impact of granulomatous
inflammation and M-CSF receptor muta-
tion. Blood. 2015;126(24):2601-2611.

Van Der Maaten L, Hinton G. Visualizing
data using t-SNE. ] Mach Learn Res.
2008;9(nov):2579-2605.

Amir ED, Davis KL, Tadmor MD, et al.
viSNE enables visualization of high dimen-
sional single-cell data and reveals phenotyp-
ic  heterogeneity of leukemia. Nat
Biotechnol. 2013;31(6):545-552.

Qiu P, Simonds EE Bendall SC, et al.
Extracting a cellular hierarchy from high-
dimensional cytometry data with SPADE.
Nat Biotechnol. 2011;29(10):886-891.
Kordasti S, Costantini B, Seidl T, et al. Deep
phenotyping of Tregs identifies an immune
signature for idiopathic aplastic anemia and
predicts response to treatment. Blood.
2016;128(9):1193-1205.

Kotecha N, Krutzik PO, Irish JM. Web-based
analysis and publication of flow cytometry
experiments. Curr Protoc Cytom. 2010;
Chapter 10:Unit10.17.

Diggins KE, Greenplate AR, Leelatian N,
Wogsland CE, Irish JM. Characterizing cell
subsets using marker enrichment modeling.
Nat Methods. 2017;14(3):275-278.

Conway EM, Van De Wouwer M, Pollefeyt
S, et al. The lectin-like domain of thrombo-
modulin confers protection from neutrophil-
mediated tissue damage by suppressing
adhesion molecule expression via nuclear fac-
tor kappaB and mitogen-activated protein
kinase pathways. ] Exp Med. 2002;196(5):
565-577.

Talati C, Zhang L, Shaheen G, et al
Monocyte subset analysis accurately distin-
guishes CMML from MDS and is associated
with a favorable MDS prognosis. Blood.
2017;129(183):1881-1883.



